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HEAT TRANSFER IN NON-NEWTONIAN FLUID FLOW 
FROM AN OBLIQUE ARRAY OF PLATES OF UNEQUAL LENGTH 
 
 
Ammata  Tusnapuckdi, Ph.D. 
University of Pittsburgh, 2002 
 
The periodically fully developed laminar heat transfer and pressure drop of arrays 
with non-uniform plate length aligned at angle to the flow direction of Non-Newtonian 
and Newtonian fluids are studied by numerical analysis. The body-fitted coordinate 
system is adopted to retain the corresponding periodic relation of the lines in physical 
coordinate system and computational domains in body-fitted coordinate system. The 
computations are carried out in one periodic cycle. 
 Power law model non-Newtonian fluids are considered. The continuity equation, 
the x-y momentum equations, and the energy equation with viscous energy dissipation 
are presented.  
The power law scheme, discretization, SIMPLE algorithm, TDMA, Jacobi 
iterative methods are adopted in the numerical procedure for the integration of the 
governing equations. 
 v
 In this dissertation, focus is placed on the effects of the flow index, the 
generalized Reynolds number, and various geometrical parameters on the flow field and 
thermal behavior of the flow. The results are obtained and show that the form drag of 
plate including the inlet and outlet effects gradually becomes significant after a certain 
value of Reynolds number. 
 The flow re-circulation has a significant influence on the average heat transfer at 
higher Reynolds number. The increment of flow index leads to the increase of friction 
factor but decrease of heat transfer and fluid temperature. 
The longer plate causes the increase of the friction factor and heat transfer as well 
as fluid temperature. The increment of transverse pitch leads to the decrease of both 
friction factor and heat transfer as well as fluid temperature. 
 The increment of plate angle leads to the increase of friction factor, average heat 
transfer, and fluid temperature. 
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NOMENCLATURE 
Symbols 
    
u                           axial velocity, m/s 
v     transverse velocity, m/s 
x, y    coordinate in Cartesian plane 
m    consistency index of power-law model 
n    flow index 
k    thermal conductivity 
cp    specific heat 
J    Jacobean of inverse coordinate transformation 
P    pressure, Pa 
um    mean velocity, m/s 
L    plate length, m 
Lp    streamwise length of one cycle, m 
T    temperature, K 
Tw    wall temperature, K 
Tb    bulk mean temperature, K 
Tp    transverse spacing between two adjacent plates, m 
Re    generalized Reynolds number 
Nu    Nusselt number 
 xxiv
 f    friction factor per cycle 
b    source term 
 
Greek Symbols   
 
γβα ,,    metric coefficients of two coordinate systems 
vu φφ ,     contravariant velocity components in ηξ , direction 
Π     general dependent variable 
θ     plate angle, degree 
Θ     dimensionless temperature  
ηξ ,     coordinates in transformation plane 
Ψ     molecular diffusivity of heat 
Φ     viscous-energy dissipation 
 
Subscripts    
 
m    mean 
ηξ ,     partial derivatives with respect to ξ  and η  
1     long plate  
2    short plate  
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Superscript    
 
*    guessed value 
**    value of last iteration time  
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1. Introduction 
 
Flow interruption at periodic intervals in a flow passage is a well-know technique 
for enhancing heat transfer. The slit fins used in compact heat exchangers and automobile 
radiators are an example of this technique [1-3]. Due to the repeated interruption of the 
thermal boundary layer, the slit fin has a higher local heat transfer coefficient than that 
without slits [1, 2, 4, 5]  
 In the case of louvered fins, the fin segments are positioned obliquely to the flow 
direction; additional heat transfer enhancement can be obtained because of the impinging 
effect and the vorticity and turbulence created in the flow. The heat transfer and pressure 
drop characteristics mainly depend on the geometric factor as well as dynamic 
parameters. The former includes the positioning of the fin segments (i.e., plates), the 
transverse pitch between two adjacent plates, and the inclined angle of the plates [6-9]. 
 Non-Newtonian flow behavior is typically observed in concentrated suspensions 
and in high molecular-weight materials [27, 28]. One of the best opportunities to observe 
Non-Newtonian behavior may be found in the kitchen. Salad dressings, butter, whipped 
cream, and doughs are examples of non-Newtonian fluids 
 Most biologically important fluids contain high molecular-weight components 
and are, therefore, non-Newtonian fluids. The rheology of blood has received much 
study. Blood is rheologically complex on two counts: first, it is a suspension because 
erythrocytes with characteristic dimensions of several micrometers are present in excess 
  
 
2   
of 40 % by volume, and second, the suspending fluid itself exhibits non-Newtonian 
behavior because of the presence of high molecular-weight protein. 
  In many chemical and processing industries, the products such as polymer, foods, 
and plastics exhibit non-Newtonian behavior. The understanding of such non-Newtonian 
fluids is important because of their growing technology applications.  
The objective of this work is to numerically analyze the forced convection heat 
transfer of power-law non- Newtonian fluids flowing along an array of non-uniform plate 
length positioned obliquely to the flow direction. The analysis is started with the 
formulation of the problem. Through a coordinate transformation, the governing 
equations with appropriate boundary conditions are numerically calculated and 
transformed to a problem similar to the one with forced convection flow through an array 
of parallel plates. 
 Results of velocity fields, friction factor, temperature profile, and heat transfer are 
obtained for variation of non-Newtonian fluids (pseudoplastic and dilatant). The effects 
of the Reynolds number, plate angle, ratio of plate length, ratio of transverse pitch to 
streamwise length of one cycle, and the flow index on the thermofluid characteristics are 
examined in detail. 
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2. Literature Review 
 
 Huang and Tao [1] did an experimental study on heat transfer and pressure drop 
characteristics for arrays of non-uniform plate length positioned obliquely to the flow 
direction. They investigated experimentally arrays of non-uniform plates, aligned at an 
angle of 25 degree to the flow direction. They found that for most cases studied, the 
thermal performance of the array with a non-uniform plate length was better than that of 
the array with a uniform plate length. 
 Lee [2] studied experimentally heat transfer and pressure drop characteristics of 
an array of plates aligned at angles to the flow direction in a rectangular duct. An array of 
plates, aligned at various angles of 20-35 degree to the direction of air flow in a 
rectangular, straight duct, was investigated in the range of Reynolds numbers between 
350 and 5000. He found that the average heat transfer coefficient at low Reynolds 
numbers (less than 1200) is nearly independent of the angle of alignment with respect to 
the air flow direction. At higher Reynolds numbers (greater than 1500), the average heat 
transfer coefficient deviated significantly from the theory. The pressure drop 
measurement through the array of the plate showed that the flow pattern was a function 
of only the plate angle and independent of the Reynolds number. 
 Wang and Tao [3] studied heat transfer and fluid flow characteristics of plate 
array aligned at various angles to the flow direction. They investigated numerically in the 
range of Reynolds numbers between 50 and 2300 using body-fitted coordinated system 
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and at angle of 15, 25, and 35 degrees. They found that both the intensity of the heat 
transfer and the pressure drop increase with the increases of oblique angle and plate 
length. 
 Yan et al. [4] experimentally investigated heat transfer and pressure drop 
performance for arrays of staggered plates aligned with air flows. The experimental 
results showed that in the fully developed region of uniform arrays, the values of the ratio 
of heat transfer factor and friction factor (j/f) for plate length equal to 22, 44, and 66 were 
almost the same at the same Reynolds number. For the non-uniform periodic arrays, the 
fully developed region of heat transfer was achieved from the second period. 
 Sparrow et al. [5] studied heat transfer and fluid flow of interrupted wall channels 
with application to heat exchangers. The basic heat transfer and pressure drop results 
were employed to investigate whether an interrupted wall channel experienced an 
augmented heat transfer rate as compared with that for a parallel plate channel. The 
results showed that the heat transfer performance of the interrupted wall channel was 
clearly superior to that of a parallel plate channel. 
 Sparrow and Liu [6] studied heat transfer, pressure drop, and performance 
relationships for in-line staggered and continuous plate heat exchangers. The results were 
compared to that of the cases with segmented plate arrays and with parallel-plate 
channels. It was found that the heat transfer effectiveness of the segmented plate arrays 
was appreciably higher than that of the parallel plate channels. 
 Sparrow and Cur [7] studied experimentally on heat transfer and pressure drop 
for a pair of collinear interrupted plate aligned with the flow. It was found that the 
Nusselt number increased substantially with thickness at the higher Reynolds numbers 
  
 
                                                                           5 
 
 
but decreased moderately with thickness at low Reynolds numbers. It was also found that 
the Nusselt numbers were relatively insensitive to thickness at smaller spacing but 
became more sensitive as the spacing increases and thicker plates promoted higher heat 
transfer coefficients. 
  Amano [8] studied numerically the laminar and turbulent heat transfer in a 
periodically corrugated wall channel. The Reynolds numbers were considered from 10-
25,000. It was observed that the effect of the step ratio on the local Nusselt number was 
minor. Moreover, it was found that both skin friction and heat transfer patterns change 
drastically from laminar to turbulent flows. 
 Lee [9] studied heat transfer and pressure drop characteristics of an assembly of 
partially segmented plates. The segmented plates, which inclined at 25 degree to the flow, 
were investigated experimentally in the range of Reynolds numbers between 900 and 
4000.  He found that the heat transfer coefficient was a strong function of the segmented 
to total plate width ratio and it decreased as the segmented to total plate width ratio 
decreased. 
 Lang and Zhang [10] investigated the effect of oblique angles of interrupted plate 
lengths for louvered fins in a compact heat exchanger. He found that oblique angles of 
interrupted plate lengths increased the efficiency and thermal performance of a compact 
heat exchanger. 
 Pang et al. [11] studied numerically the heat transfer in fully developed fluid flow 
past arrays of interrupted plates positioned convergently and divergently along the flow 
direction. The obliquely positioned plates were simulated by a succession of steps. By 
adequately choosing the computation domain and appropriately assigning the initial 
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values of velocity and temperature, they found that the thermal performance of the 
obliquely positioned arrays of plates was better than that of a corresponding plane 
straight duct.    
 Patankar and Prakash [12] analyzed the effect of plate thickness on laminar flow 
and heat transfer in interrupted plate passages. The flow field was found to be quite 
complex. It contained recirculation zones behind the trailing edges of the plates, and there 
occurred significant defection of the through flow. The heat transfer from the thick plates 
did not improve sufficiently where the pressure drop for a given flow rate was greatly 
increased. 
    Wang et al. [13] studied numerically the periodically fully developed laminar 
heat transfer and pressure drop along arrays of non-uniform plate length aligned at an 
angle of 25 degree to air flow direction in the range of Reynolds numbers from 50-1700. 
The body-fitted coordinated system was adopted in their investigation to retain the 
corresponding periodic relation of the lines in physical and computational domains. The 
numerical results showed that both heat transfer and pressure drop increased with the 
increase in the length ratio of the long plate to the short plate and decreased with the 
increase in the ratio of transverse pitch to the longitudinal pitch.  
  Wieting [14] reported empirical correlations for heat transfer and friction 
characteristics of rectangular offset fin-plate in heat exchangers. Empirical relationships 
were developed by correlating experimental heat transfer and flow friction data from 22 
rectangular offset fin-plate in heat exchanger configurations. The relationships could 
predict heat transfer and friction characteristics quite well. 
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  Xiao and Tao [15] studied the effect of fin spacing on heat transfer and pressure 
drop of two row corrugated fin and tube heat exchangers. They experimentally 
investigated heat transfer coefficients and friction factors for corrugated fin and tube heat 
exchangers with different fin spacing. It was found that with increased fin spacing both 
the Sherwood number and the friction factor increased.  
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3. Analysis 
 
The problem analyzed is schematically shown in Fig. 1. As seen there, a two-
dimensional array of non-uniform plate length with constant wall temperature Tw is 
positioned obliquely to the flow direction.   
The configuration studied can be specified by the following parameters: The 
periodic axial length Lp, the plate lengths L1, L2, the transverse space between the plates 
Tp, the plate angle θ. 
The engineering background of this study is the heat transfer in Non-Newtonian 
fluid flow past louvered fins used in automobiles and other heat exchangers where the 
fins are formed by slitting a continuous thin copper plate and then turning the slit 
segments to an angle. 
In this work the flow is two-dimensional, 21 LLLp += , mmL 152 = , steady state, 
laminar, and periodically fully developed. The fluid properties are assumed to be constant 
and the body force is neglected. The surface plate temperature is maintained at a constant 
temperature ( wT ). The viscous energy dissipation is considered. Parametric studies of the 
following cases are performed: 
1. The effect of flow index (n), equal to 1.2, 1.0, and 0.5, at 25=θ  on the 
friction factor, temperature profile, and average heat transfer for each plate 
length ratio (L1/L2): 
                                                                         9 
 
L1/L2 = 2.5 Tp/Lp = 0.571 Tp = 30 mm 
L1/L2 = 2.0 Tp/Lp = 0.667 Tp = 30 mm 
L1/L2 = 1.5 Tp/Lp = 0.800 Tp = 30 mm 
 
2. The effect of flow index (n), equal to 1.2, 1.0, and 0.5 on temperature 
profile for different plate angle at Re = 300: 
L1/L2 = 2.5 Tp/Lp = 0.571 θ   = 5 
L1/L2 = 2.5 Tp/Lp = 0.571 θ   = 25 
L1/L2 = 2.5 Tp/Lp = 0.571 θ   = 30 
 
3.  The effect of flow index (n), equal to 1.2, 1.0, and 0.5 on temperature 
profile for different Reynolds number at θ  = 25: 
L1/L2 = 2.5 Tp/Lp = 0.571 Re = 100 
L1/L2 = 2.5 Tp/Lp = 0.571 Re = 300 
L1/L2 = 2.5 Tp/Lp = 0.571 Re = 900 
 
4. The effect of plate length ratio at 25=θ and Re = 300 on the temperature 
profile for each flow index (n), equal to 1.2, 1.0, and 0.5: 
L1/L2 = 2.5 Tp/Lp = 0.571 Tp = 30 mm 
L1/L2 = 2.0 Tp/Lp = 0.667 Tp = 30 mm 
L1/L2 = 1.5 Tp/Lp = 0.800 Tp = 30 mm 
 
5. The effect of flow index (n), equal to 1.2, 1.0, and 0.5 at 25=θ  and Re = 
300 on the temperature profile for different transverse pitch spacing: 
L1/L2 = 2.5 Tp/Lp = 0.571 Tp = 30 mm 
L1/L2 = 2.5 Tp/Lp = 1.143 Tp = 60 mm 
L1/L2 = 2.5 Tp/Lp = 1.905 Tp = 100 mm 
 
6. The effect of plate length ratio at 25=θ on the friction factor and average 
heat transfer for each flow index (n), equal to 1.2, 1.0, and 0.5: 
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L1/L2 = 2.5 Tp/Lp = 0.571 Tp = 30 mm 
L1/L2 = 2.0 Tp/Lp = 0.667 Tp = 30 mm 
L1/L2 = 1.5 Tp/Lp = 0.800 Tp = 30 mm 
 
7. The effect of transverse pitch ratio ( pp LT / ) at 25=θ  on the friction 
factor and average heat transfer for each flow index (n), equal to 1.2, 1.0, 
and 0.5: 
L1/L2 = 2.0 Tp/Lp = 0.571 Tp = 30 mm 
L1/L2 = 2.0 Tp/Lp = 0.556 Tp = 25 mm 
L1/L2 = 2.0 Tp/Lp = 0.444 Tp = 20 mm 
 
8. The effect of plate angle (θ ) at Re = 300 on the friction factor and the 
average heat transfer. 
In the computation domain as shown in Fig. 2, the fluid flow and heat transfer can 
be specified by the following governing equations: 
The continuity equation is essentially the equation for the conservation of mass; it 
is derived by a mass balance on the fluid entering and leaving a volume element taken in 
the flow field. 
0=∂
∂+∂
∂
y
v
x
u
                           (1) 
Equation (1) is the continuity equation in rectangular coordinate for the steady, 
two-dimension flow of an incompressible fluid. 
The momentum equations are derived from Newton’s second law of motion    
[16-19] which states that mass times the acceleration in given direction is equal to the 
external forces acting on the body in the same direction.  
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The external forces acting on a volume element in the flow field are considered to 
consist of the surface forces and body forces. The body forces will be neglected in this 
thesis.  
 
The power law model for the non-Newtonian fluids can be defined by the following 
relationships [20]: 
( ) ∆



∆∆−=
−1
:
2
1
n
mτ  
where 




∂
∂+



∂
∂=∆
i
j
j
i
x
u
x
u
 
( ) 







∂
∂+∂
∂+







∂
∂+


∂
∂=∆∆
222
2:
2
1
x
v
y
u
y
v
x
u  
Then, the momentum equations for power law non-Newtonian fluid [20] can be 
defined by the following equations: 
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where m is the consistency index and n is flow index [20]. 
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The temperature distribution in the flow field is governed by the energy equation, 
which can be derived by writing an energy balance according to the first law of 
thermodynamics for a differential volume element in the flow field [16-19].  
 
If radiation is absent and there are no distributed energy source in the fluid, the 
energy equation is:         
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Equation (4) is the energy equation including viscous energy dissipation, Φ , [19, 21]. 
Since the geometry of the physical model is an array of oblique plates as shown in 
Fig.1, the computational domain (see Fig. 2) has two types of boundary conditions 
consisting of plate surface boundary condition and periodic boundary condition. 
The periodic boundary conditions can be defined as follows: 
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The boundary conditions at the surface of the solid plate: 
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where the dimensionless temperature [13, 22] is defined as  
))((
)),((
),(
wb
w
TxT
TyxT
yx −
−=Θ                                                                                                    (5) 
where 
( )xTb  is the bulk mean temperature of fluid. 
 Fig. 2 shows that the computation domain has an irregular shape and Fig. 3 
shows the typical grid generated in physical model. The body-fitted coordinate system 
will be generated to solve this problem by transformed physical coordinate system (x, y) 
to generalized coordinate system ( ηξ , ). 
 To evaluate the spatial derivative of the dependent variable in the governing 
equations, a numerical method is adopted. The two most popular methods are polynomial 
approximations such as finite elements and finite differences with generalized coordinate 
transformations. In this thesis, the finite differences method is adopted. 
In terms of the two generalized coordinates ( ηξ , ), the spatial derivative of the 
dependent variable become 
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The components of the coordinate transformation are given by the use of the 
chain rule and the Cramers rule as a function of the metrics [23]: 
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where: 
ξηηξ yxyxJ −=                                                                        (7) 
is the Jacobean of transformation and is equivalent to the volume of the cell when 
evaluated at the cell center. 
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Introducing the following dimensionless variables: 
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where the quantity 2muρ  represents the double of the dynamic head [19]. 
The continuity and momentum equations in dimensionless form become 
Continuity:  
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where 
 
m
Lu nnm 2
2
Re
−
= ρ  is the generalized Reynolds number 
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          The energy equation remains in dimensional form. 
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According to the energy equation in the body-fitted coordinate system, equation 
(12), the energy equation can not be conducted to dimensionless form because in the 
body-fitted coordinate system the bulk mean temperature ( )(ξbT ) appeared in the 
equation (15) for the definition of the dimensionless temperature ),( ηξΘ  is not a 
constant but a functioned of ξ . 
 At the inlet and outlet temperature of computational domain in Fig. 4, the periodic 
condition is valid only for the dimensionless form because the requirement to satisfy the 
fully developed condition. However in the calculation procedure for energy equation, the 
dimensional form of inlet and out temperatures must be calculated by first, solving the 
dimensionless temperature ),( ηξΘ shown in equation (15) with the local dimensional 
temperatures at the cycle inlet and outlet given by equation (25) and (26) respectively.  
Then, substitute the relationship of bulk mean temperatures at the cycle inlet and 
outlet and use composite trapezoid rule to obtain the final set of linear equations of 
dimensional inlet and outlet temperatures. Finally, solve those set of linear equations of 
dimensional inlet and outlet temperatures by use Jacobi iterative method. 
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The periodic boundary conditions can be defined as follows: 
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The boundary conditions at the surface of the solid plate: 
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ηξ
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where the dimensionless temperature[13,22] is defined as follows:  
))((
)),((
),(
wb
w
TT
TT
−
−=Θ ξ
ηξηξ              (15) 
where 
( )ξbT  is the bulk mean temperature of fluid.  
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The local heat flux is computed by Fourier’s law of heat conduction [13]. The 
value of heat flux at the plate surface is determined by  
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The average heat flux of the plate surface is determined by 
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The plate average heat transfer coefficient of one cycle is computed by 
( ) ( )[ ] ( )[ ] ( )[ ][ ]{ }FLbwAGbwAGbFLb
m
m TTTTTT
q
h ξξξξ −−−−= lnln/         (19) 
The plate average Nusselt number is defined as 
k
Lh
Nu m 2=                (20) 
Where the plate length 2L  is taken as the characteristic dimension. 
The plate pressure drop friction factor of one cycle is determined by  
( ) ( )( )2/( 2m FLmAGm u
pp
f ρ
ξξ −=              (21) 
 
  
 
                                                                      20 
 
 
 
4. Numerical Procedure 
 
The discretization of the equations in the computation domain is performed on   
the staggered grid by using the finite volume approach. The convection-diffusion terms 
of momentum equations are treated by the power-law profile of Patankar [24] and the 
energy equation is treated by the upwind scheme of Patankar [24]. A SIMPLE solution 
algorithm in the computation domain is adopted to deal with the linkage between 
pressure and velocities. Because the grid is non-orthogonal, the pressure correction 
equations contain cross derivatives, which lead to a nine- point formulation. In this thesis, 
the cross derivatives are incorporated into the source term, and a five –point solver is 
used to solve the algebraic equations. 
As for the implementation of the periodic boundary condition in the 
computational domain, the interpolation method proposed by Wang and Tao [3] is used.  
For the η - direction, the following linear interpolation is used: 
2
)),()2,((),()1,( 2
****
1
MMiiMMii Π+Π=Π=Π
        (22) 
where “**” represents the value from previous iteration, and 21 ,MMMM  are the 
last and second to last indices in the η - direction.  
In the implementation of the periodic boundary condition in ξ - direction, the 
following linear interpolation is used: 
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** ηξηξηξηξ −−−− Π+Π=Π=Π LFGA
                               (23) 
where 11−ξ  and 22−ξ  are positions corresponding to the line 1-1 and 2-2 in Fig. 4. 
It should be noted that in order to restrict the computation to just one cycle, the linear 
interpolation method for implementation of the periodic boundary condition is adopted, 
otherwise the computation domain must be extended in both η  and ξ  direction. 
 As far as the temperature is concerned, the periodic boundary conditions at the 
cycle inlet and outlet are valid only for the dimensionless value because the inlet 
temperature and the outlet temperature is formed fully developed condition that is the 
relative shape of the inlet temperature profile and outlet temperature profile no longer 
changes and the flow is said to be thermally fully developed [16, 25]. Thus, the 
interpolation values determined by equation (23) are taken as the dimensionless 
temperatures at the cycle inlet and outlet for next iteration [13]. 
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The local temperatures at the cycle inlet and outlet are calculated by  
 ))((),( wAGbwAG TTTT −Θ+= ξηξ            (25) 
 ))((),( wFLbwFL TTTT −Θ+= ξηξ            (26) 
 
4.1 The Staggered Grid Strategy 
The staggered grid strategy is that each dependent variable is employed to a 
different grid point. For control volume approach of axial velocity (u), the center grid 
point in this control volume is staggered to the right of point (P) and located in the middle 
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between point (P) and point (E) as shown in Fig. 5. For control volume approach of 
transverse velocity (v), the center grid point in this control volume is staggered up from 
point (P) and located in the middle between point (P) and point (N) as shown in Fig. 6. 
For control volume approach of pressure and temperature, the center grid point in 
this control volume is still at point (P) as shown in Fig. 7. In the case of velocity 
components, there is a significant benefit to be obtained by arranging them on grids that 
are different form the grid used for all other variables. The benefit is that the difficulties 
in x-y momentum equations due to the pressure term will totally disappear. 
The staggered grid strategy for the velocity components was first used in the 
MAC method and the SIMPLE procedure of Patankar [24]. 
In the staggered grid, the velocity components are calculated for the points that lie 
on the face of the control volumes. Thus the x-direction velocity u  is calculated at the 
faces that are normal to the x direction. The location for u  is shown in Fig. 5 by short 
arrows, while the main grid point is shown by point (P). This figure shows that, with 
respect to the main grid points, the u locations are staggered only in the x-direction.  
The velocity v  in the y- direction is handled in a similar manner. The location for 
velocity v  is shown in Fig. 6. This figure shows that, with respect to the main grid point, 
the v  locations are staggered only in the y-direction. 
In this thesis, the location of u  and v  are exactly on midway between two main 
grid points. 
The geometry functions that describe the relationship between the physical 
coordinate system and the generalized coordinate system can be found in Fig. 8. 
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4.2 The Discretization of Momentum Equations 
 The momentum equation can be solved only when the pressure field is given or is 
somehow estimated. Unless the correct pressure field is employed, the resulting velocity 
field will not satisfy the continuity equation. Such an imperfect velocity field based on a 
guessed pressure field *p  will be denoted by ** , vu , which are obtained from the 
solution of the following discretization equations:   
eEPnbnbee Appuaua )(
**** −+= ∑           (27) 
nNPnbnbnn Appvava )(
**** −+= ∑                   (28) 
 
4.3 The Pressure and Velocity Corrections  
 To improve the guessed pressure *p  such that the resulting starred velocity field 
will progressively get closer to satisfying the continuity equation, the correct pressure is 
proposed and obtained from  
'* ppp +=               (29) 
where 'p  is the pressure correction [24].  
The velocity correction can be introduced in a similar manner: 
)( ''* EPeee ppduu −+=             (30) 
)( ''* NPnnn ppdvv −+=             (31) 
where:  
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4.4 The Pressure Correction Equation  
 The pressure correction is obtained from the continuity equation by integrating 
the continuity equation over the control volume [24] which is shown in Fig. 7.  
bpapapapapa SSNNWWEEPP ++++= '''''                     (32) 
The pressure correction is needed to calculate the next iteration of pressure and 
velocity components. 
 
4.5 The Discretization of Energy Equation 
 The discretization of the energy equation is an equation that can solve temperature 
distribution in computational domain. It can be obtained by using the control volume 
approach for temperature as shown in Fig. 7. The numerical integration and upwind 
scheme are performed on the main grid. 
The temperature distribution is obtained from the solution of the following 
discretization equation: 
STaTa nbnbe += ∑                                    (33) 
where  T is the temperature distribution and S is the source term. 
 
4.6 The SIMPLE Algorithm 
 The procedure that was developed for the calculation of the flow field has been 
given by the name of SIMPLE, which stands for Semi-Implicit Method for Pressure-
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Linked Equations [24]. To solve the discretization equation of velocity fields and 
temperature distribution for each iteration of the SIMPLE algorithm, the TDMA 
algorithm is adopted. 
The sequence of SIMPLE operations are given as follows: 
1. Guess the pressure field *p  
2. Solve the momentum equations given by equations (27) and (28) to obtain 
** , vu . 
3. Solve the 'p  equation. 
4. Calculate p  from equation (29) by adding 'p  to *p . 
5. Calculate vu,  from their starred values using the velocity correction formulas 
given by equations (30) and (31) respectively. 
6. Treat the corrected pressure p  as a new guessed pressure *p , repeat to step 2 
until a converged solution is obtained. 
7. Solve the discretization equation for temperature distribution. However, it is 
better to calculate it after a converged solution for the flow field has been 
obtained. 
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5. Results and Discussion 
 
 The discretized governing equations for non-Newtonian fluids have been solved 
numerically to determine velocity field and temperature profile. The effects of power law 
index (n), generalized Reynolds number (Re), and geometrical parameters such as plate 
length ratio (L1/L2), transverse pitch ratio (Tp/Lp), and plate angle (θ ) on the flow and 
thermal behavior have been analyzed. Results are presented in graphical and tabulated 
forms.  
 
5.1 Flow Field 
 The velocity fields in Fig. 9 – Fig. 10 for pseudoplastic fluid (n < 1), Fig. 11 – 12 
for Newtonian Fluid (n = 1), and Fig. 13 – 14 for dilatant fluid (n > 1) show how the flow 
pattern changes with an increasing Reynolds number for 5.2/ 21 =LL and 
571.0/ =pp LT . There are three panels in each figure, among which the center panel is 
the whole long plate (L1), with the left and the right panels are the two parts of the short 
plates (L2). The flow field characteristics shown in the three figures may be summarized 
as follows: first, in the flow field at the leeward side and windward side of long plate, 
there is one circulating zone for each side, and at the second windward side of short plate 
there is one circulating zone. For the cases with a given geometry the increase in 
Reynolds number leads to an increase in circulating intensity. 
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 From these results, it can also be seen that the fluid velocity is increased when the 
flow index is increased at the same Reynolds number because of the viscosity term in the 
momentum equations. Physically, the higher viscosity fluids flow slower than the lower 
viscosity fluids at the same Reynolds number.  
 
5.2 The Friction Factor  
 From the results shown in the odd figure numbers from Figs. 15-37, a general 
feature may be noted: with increases in the Reynolds number, the values of friction factor 
decreases. This is the flow region where the pressure drop is mainly caused by the surface 
friction effect. The form drag of the plate (including the inlet and outlet effects) gradually 
becomes significant with the further increase of Reynolds number, and finally, it becomes 
predominant, leading to a constant value of friction factor (f) for each case.   
 
5.2.1 The Effect of Flow Index (n)  
 The effects of flow index (n) on friction factor for each plate length ratio ( 21 / LL ) 
and transverse pitch ratio ( Pp LT / ) is shown in Fig.15, Fig.17, and Fig.19, where the 
friction factor is expressed as a function of Reynolds number.  
These three figures show that the friction factor increases with increasing flow 
index (n). That is the friction factor of dilatant fluids are higher than both Newtonian and 
pseudoplastic fluids at the same generalized Reynolds number with pseudoplastic fluids 
having the smallest values. Physically, the pseudoplastic fluids may be employed as a 
friction – reducing agent. 
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5.2.2 The Effect of Plate Length Ratio (L1/L2)  
 The results of the effect of plate length ratio ( 21 / LL ) on the friction factor for 
each flow index (n) and transverse pitch ratio ( Pp LT / ) are presented in Fig. 21, Fig. 23, 
and Fig. 25, where the friction factor is expressed as a function of Reynolds number.  
From these results, it can be seen that the friction factor is increased as plate 
length ratio is increased at a given Reynolds number and flow index. This is because 
increased long plate ( 1L ) leads to increase both friction effect and plate form drag, thus 
the total cycle pressure drop increase.  
 
5.2.3 The Effect of Transverse Pitch Ratio (Tp/Lp) 
The results of the effect of transverse pitch ratio ( Pp LT / ) on the friction factor 
for each flow index (n) and plate length ratio ( 21 / LL ) are presented in Fig. 27, Fig. 29, 
and Fig. 31, where the friction factor is expressed as a function of Reynolds number.  
From these results, it can be seen that the friction factor is increased as transverse 
pitch ratio is decreased at the same Reynolds number. The decrement of the transverse 
pitch ( pT ) results in a decrease of the gap between upper plate and bottom plate, 
therefore it causes the decrease of the pressure at the outlet.   
 
5.2.4 The Effect of Plate Angle (θ ) 
The results of the effect of plate angle (θ ) on the friction factor for each flow 
index (n), plate length ratio ( 21 / LL ), and of transverse pitch ratio ( Pp LT / ) are presented 
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in Fig. 33, Fig. 35, and Fig. 37, where the friction factor is expressed as a function of 
plate angle (θ ) at Reynolds number 300. 
 From the results, it can be seen that the friction factor is higher as the plate angle 
(θ ) increases. At Reynolds number of 300, the pressure at the outlet is dropped when the 
plate angle (θ ) increases because the increment of plate angle (θ ) leads to increase 
obstruction to the flow.  
 
5.3 The Average Heat Transfer 
 From the results shown in the even figure numbers from Figs. 16-38, the 
following trend may be noted: when the Reynolds number is small, the plate average 
Nusselt number increases slowly, which is similar to the character of fully developed 
laminar heat transfer in a continuous duct. In the higher Reynolds number region (Re 
>400), the increase of Reynolds number yields more steeply appreciable increase in 
Nusselt number. Moreover, between Re = 400 and 500, it can be seen that the average 
heat transfer suddenly jumps. This may indicate the strong effect of the re-circulating 
flow on heat transfer in this range of Reynolds number.  
 
5.3.1 The Effect of Flow Index (n)  
 The results of the effect of flow index (n) on the average heat transfer for each 
plate length ratio ( 21 / LL ) and transverse pitch ratio ( Pp LT / ) are presented in Fig. 16, 
Fig. 18, and Fig. 20, where the plate average Nusselt number is expressed as a function of 
Reynolds number.  
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These three figures show that as the flow index decreases the value of Nusselt 
number is slightly increased at the same Reynolds number. Thus, the thermal 
performance of pseudoplastic fluids is better than Newtonian and dilatant fluids 
respectively. 
 
5.3.2 The Effect of Plate Length Ratio (L1/L2) 
The results of the effect of plate length ratio ( 21 / LL ) on the average heat transfer 
for each flow index (n) and transverse pitch ratio ( Pp LT / ) are presented in Fig. 22, Fig. 
24, and Fig. 26, where the plate average Nusselt number is plotted as a function of 
Reynolds number.  
From these results, it can be seen that Nusselt number is increased as plate length 
ratio is increased at the same Reynolds number and flow index. This is because that the 
increase of long plate ( 1L ) leads to the increase in heat transfer area, thus the total cycle 
heat transfer increases.  
 
5.3.3 The Effect of Transverse Pitch Ratio (Tp/Lp) 
The results of the effect of transverse pitch ratio ( Pp LT / ) on the average heat 
transfer for each flow index (n) and plate length ratio ( 21 / LL ) are presented in Fig. 28, 
Fig. 30, and Fig. 32, where the plate average Nusselt number is expressed as a function of 
Reynolds number.  
From these results, it can be seen that the Nusselt number increases as transverse 
pitch ratio decreases at the same Reynolds number. The decrement of the transverse pitch 
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( pT ) leads to the decrease of a gap between upper plate and bottom plate, therefore it 
indicates the strong effect of re-circulating flow on heat transfer.  
 
5.3.4 The Effect of Plate Angle (θ ) 
The results of the effect of plate angle (θ ) on the average heat transfer for each 
flow index (n), plate length ratio ( 21 / LL ), and of transverse pitch ratio ( Pp LT / ) are 
presented in Fig. 34, Fig. 36, and Fig. 38, where the average heat transfer is plotted as a 
function of plate angle (θ ) at Reynolds number 300. 
From these results, it can be seen that Nusselt number increase with increasing 
plate angle (θ ). The rise of the higher heat transfer rate stems from a stronger re-
circulation flow with the increase of plate angle (θ ). 
 
5.4 The Temperature Profile. 
 The results of temperature profile at the leading edge, middle, and tailing edge of 
long plate (L1) are presented. The length of long plate (L1) is changed when the plate 
length ratio is changed since the short plate (L2) is fixed at L2 = 15 mm. When long plate 
(L1) is longer, the heat transfer area is increased. 
From the results shown in all figure numbers from Figs. 39-80, a general feature 
may be noted as follows: for the temperature profile at the leading edge of long plate 
(L1), it can be seen that trough is shifted to the right since the effect of the left upper re-
circulating flow and the rush-in effect of the fluid flow. 
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For the temperature profile at the middle of long plate (L1), it can be seen that the 
fluid temperature rapidly decreases because the boundary layer flow at the leading edge 
of the plate does not last long downward over the plate surface as it meets a counter 
stream on the plate surface. 
 For the temperature profile at tailing edge of long pate (L1), it can be seen that the 
fluid temperature increases again, basically because of the rushing – out effect and effect 
of the right bottom re-circulating flow.  
 
5.4.1 The Effect of Plate Length Raito (L1/L2)  
 The effects of plate length ratio (L1/L2) on the temperature profile at Re = 300, θ  
= 25, and Tp = 30 mm are presented in Fig. 39 – 41 for n = 0.5, Fig. 42 – 44 for n = 1.0, 
and Fig. 45-47 for n = 1.2. 
 From these results, they can be seen that the increment of plate length ratio 
(L1/L2) leads to the increase of fluid temperature since plate has more area to transfer 
heat to fluid. 
 
5.4.2 The Effect of Flow Index (n) at Different Plate Length Ratio and   
Transverse Pitch Spacing (Tp)     
  The effects of flow index (n) on the temperature profile for θ  = 25, and Tp = 30 
mm are presented in Fig. 48 – 50 for L1/L2 = 2.5, Fig. 51 – 53 for L1/L2 = 2.0, and Fig. 
54-56 for L1/L2 = 1.5 at Re = 300.  
The effects of flow index (n) on the temperature profile at L1/L2 = 2.5, Re = 300, 
andθ  = 25 are presented in Fig. 57-59 for Tp = 60 mm and Fig. 60-62 for Tp = 100 mm. 
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From these results, it can be seen that the increment of flow index results in the 
decrease in fluid temperature. The wider of the transverse pitch spacing causes the fluid 
temperature to decrease as expected.  
 
5.4.3 The Effect of Reynolds Number (Re) 
 The results for the effect of Reynolds number on temperature profile at θ  = 25, 
and Tp = 30 mm, and L1/L2 = 2.5 are presented in Fig. 63-65 for n = 0.5, Fig. 66-68 for n 
= 1.0, and Fig. 69-71 for n = 1.2. 
 From the results, the temperature is higher when Reynolds number is increased. It 
means that the fluid temperature is higher when the fluid flows faster at the same flow 
index. 
 
5.4.4 The Effect of Plate Angle (θ ) 
 The results for the effect of plate angle (θ ) on the temperature profile for L1/L2 = 
2.5, Re = 300, and Tp = 30 mm are presented in Fig. 72-74 for n = 0.5, Fig. 75-77 for n 
=1.0, and Fig. 78-80 for n = 1.2. 
 From results, they can be seen that the increment of plate angle (θ ) leads to 
increases of fluid temperature. 
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Figure 3. Typical Grid Mesh 
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Figure 5. Staggered Control Volume for Axial Velocity (u) 
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Figure 6. Staggered Control Volume for Transverse Velocity (v) 
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Figure 7. Staggered Control Volume for Pressure or Temperature  (P or T) 
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Figure 8. Element Analysis 
Let∆ x in physical coordinate system = ξ∆  in generalized coordinate system 
Let ∆ y x in physical coordinate system = η∆  in generalized coordinate system 
Number of grid point in physical coordinate system is equal to number of grid point in 
generalized coordinate system. 
011 =−=− −+ jjjj xxxx  
η∆=∆=−=− −+ yyyyy jjjj 11  
θξθ coscos11 ∆=∆=−=− −+ xxxxx iiii  
θξθ sinsin11 ∆=∆=−=− −+ xyyyy iiii  
 42
 
 
 
Figure 9. Flow Pattern of The Pseudoplastic Fluid (n = 0.5) at Re = 200 
(L1/L2 = 2.5, Tp /Lp = 0.571, and θ  = 25) 
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Figure 10. Flow Pattern of The Pseudoplastic Fluid (n = 0.5) at Re = 700 
(L1/L2 = 2.5, Tp /Lp = 0.571, and θ  = 25) 
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Figure 11. Flow Pattern of The Newtonian Fluid (n = 1.0) at Re = 200 
(L1/L2 = 2.5, Tp /Lp = 0.571, and θ  = 25) 
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Figure 12. Flow Pattern of The Newtonian Fluid (n = 1.0) at Re = 700 
(L1/L2 = 2.5, Tp /Lp = 0.571, and θ  = 25) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 46
 
 
 
Figure 13. Flow Pattern of The Dilatant Fluid (n = 1.2) at Re = 200 
(L1/L2 = 2.5, Tp /Lp = 0.571, and θ  = 25) 
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Figure 14. Flow Pattern of The Dilatant Fluid (n = 1.2) at Re = 700 
(L1/L2 = 2.5, Tp /Lp = 0.571, and θ  = 25) 
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Figure 15. The Effect of Flow Index on Friction Factor forθ  = 25 
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Figure 16. The Effect of Flow Index on Nu forθ  = 25 
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Figure 17. The Effect of Flow Index on Friction Factor for θ  = 25 
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Figure 18. The Effect of Flow Index on Nu forθ  = 25 
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Figure 19. The Effect of Flow Index on Friction Factor forθ  = 25 
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Figure 20. The Effect of Flow Index on Nu forθ  = 25 
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Figure 21. The Effect of Plate Length Ratio on Friction Factor forθ  = 25 
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Figure 22. The Effect of Plate Length Ratio on Nu forθ  = 25 
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Figure 23. The Effect of Plate Length Ratio on Friction Factor forθ  = 25 
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Figure 24. The Effect of Plate Length Ratio on Nu forθ  = 25 
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Figure 25. The Effect of Plate Length Ratio on Friction Factor forθ  = 25 
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Figure 26. The Effect of Plate Length Ratio on Nu forθ  = 25 
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Figure 27. The Effect of Transverse Pitch on Friction Factor forθ  = 25 
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Figure 28. The Effect of Transverse Pitch on Nu forθ  = 25 
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Figure 29. The Effect of Transverse Pitch on Friction Factor forθ  = 25 
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Figure 30. The Effect of Transverse Pitch on Nu forθ  = 25 
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Figure 31. The Effect of Transverse Pitch on Friction Factor forθ  = 25 
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Figure 32. The Effect of Transverse Pitch on Nu forθ  = 25 
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              Figure 35. The Effect of Plate Angle       on Friction Factor 
             
              Figure 36. The Effect of Plate Angle       on Nu 
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              Figure 37. The Effect of Plate Angle       on Friction Factor 
              Figure 38. The Effect of Plate Angle       on Nu 
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Figure 39. The Effect of Plate Length Ratio on Temperature Profile at Leading Edge  
                  (x = 0.0) of Long Plate (L1) for n = 0.5 and 25=θ  
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Figure 40. The Effect of Plate Length Ratio on Temperature Profile at Middle of Long  
                  Plate (L1) for n = 0.5 and 25=θ   
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Figure 41. The Effect of Plate Length Ratio on Temperature Profile at Tailing Edge of   
      Long Plate (L1) for n = 0.5 and 25=θ  
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Figure 42. The Effect of Plate Length Ratio on Temperature Profile at Leading Edge 
      (x = 0.0) of Long Plate (L1) for n = 1.0 and 25=θ  
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Figure 43. The Effect of Plate Length Ratio on Temperature Profile at Middle of Long   
                  Plate (L1) for n = 1.0 and 25=θ  
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Figure 44. The Effect of Plate Length Ratio on Temperature Profile at Tailing Edge of   
      Long Plate (L1) for n = 1.0 and 25=θ  
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Figure 45. The Effect of Plate Length Ratio on Temperature Profile at Leading Edge 
      (x = 0.0) of Long Plate (L1) for n = 1.2 and 25=θ  
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Figure 46. The Effect of Plate Length Ratio on Temperature Profile at Middle of Long   
                  Plate (L1) for n = 1.2 and 25=θ  
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Figure 47. The Effect of Plate Length Ratio on Temperature Profile at Tailing Edge of   
      Long Plate (L1) for n = 1.2 and 25=θ  
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Figure 48. The Effect of Flow Index on Temperature Profile at Leading Edge (x = 0.0) of  
      Long Plate (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
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Figure 49. The Effect of Flow Index on Temperature Profile at Middle (x = 18.75) of  
      Long Plate (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
 
 
 
 
 
 
 
 
 
 
  
 
71
 
 
 
 
 
 
300
310
320
330
340
350
360
370
380
0 5 10 15 20 25 30
Tp (mm)
T 
(K
)
n=0.5
n=1.0
n=1.2
Re = 300
x = 37.5 mm
 
 
Figure 50. The Effect of Flow Index on Temperature Profile at Tailing Edge (x = 37.5) of  
      Long Plate (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
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Figure 51. The Effect of Flow Index on Temperature Profile at Leading Edge (x = 0.0) of  
      Long Plate (L1) for L1/L2 = 2.0, Tp = 30 mm, and 25=θ  
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Figure 52. The Effect of Flow Index on Temperature Profile at Middle (x = 15.00) of  
      Long Plate (L1) for L1/L2 = 2.0, Tp = 30 mm, and 25=θ  
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Figure 53. The Effect of Flow Index on Temperature Profile at Tailing Edge (x = 30.0) of  
      Long Plate (L1) for L1/L2 = 2.0, Tp = 30 mm, and 25=θ  
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Figure 54. The Effect of Flow Index on Temperature Profile at Leading Edge (x = 0.0) of  
      Long Plate (L1) for L1/L2 = 1.5, Tp = 30 mm, and 25=θ  
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Figure 55. The Effect of Flow Index on Temperature Profile at Middle (x = 11.25) of  
      Long Plate (L1) for L1/L2 = 1.5, Tp = 30 mm, and 25=θ  
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Figure 56. The Effect of Flow Index on Temperature Profile at Tailing Edge (x = 22.5) of  
      Long Plate (L1) for L1/L2 = 1.5, Tp = 30 mm, and 25=θ  
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Figure 57. The Effect of Flow Index on Temperature Profile at Leading Edge (x = 0.0) of  
      Long Plate (L1) for L1/L2 = 2.5, Tp = 60 mm, and 25=θ  
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Figure 58. The Effect of Flow Index on Temperature Profile at Middle (x = 18.75) of  
      Long Plate (L1) for L1/L2 = 2.5, Tp = 60 mm, and 25=θ  
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Figure 59. The Effect of Flow Index on Temperature Profile at Tailing Edge (x = 37.5) of  
      Long Plate (L1) for L1/L2 = 2.5, Tp = 60 mm, and 25=θ  
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Figure 60. The Effect of Flow Index on Temperature Profile at Leading Edge (x = 0.0) of  
      Long Plate (L1) for L1/L2 = 2.5, Tp = 100 mm, and 25=θ  
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Figure 61. The Effect of Flow Index on Temperature Profile at Middle (x = 18.75) of  
      Long Plate (L1) for L1/L2 = 2.5, Tp = 100 mm, and 25=θ  
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Figure 62. The Effect of Flow Index on Temperature Profile at Tailing Edge (x = 37.5) of  
      Long Plate (L1) for L1/L2 = 2.5, Tp = 100 mm, and 25=θ  
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Figure 63. The Effect of Reynolds Number on Temperature Profile at Leading Edge  
      (x = 0.0) of Long Plate (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
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Figure 64. The Effect of Reynolds Number on Temperature Profile at Middle (x = 18.75)  
      of Long Plate  (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
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Figure 65. The Effect of Reynolds Number on Temperature Profile at Tailing Edge  
      (x =37.5) of Long Plate (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
87
 
 
 
 
 
 
300
310
320
330
340
350
360
370
380
0 5 10 15 20 25 30
Tp (mm)
T 
(K
)
Re = 100
Re = 300
Re = 900
n = 1.0
x = 0.0 mm
 
 
Figure 66. The Effect of Reynolds Number on Temperature Profile at Leading Edge  
      (x = 0.0) of Long Plate (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
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Figure 67. The Effect of Reynolds Number on Temperature Profile at Middle (x = 18.75)  
      of Long Plate  (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
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Figure 68. The Effect of Reynolds Number on Temperature Profile at Tailing Edge  
      (x =37.5) of Long Plate (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
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Figure 69. The Effect of Reynolds Number on Temperature Profile at Leading Edge  
      (x = 0.0) of Long Plate (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
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Figure 70. The Effect of Reynolds Number on Temperature Profile at Middle (x = 18.75)  
      of Long Plate  (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
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Figure 71. The Effect of Reynolds Number on Temperature Profile at Tailing Edge  
      (x =37.5) of Long Plate (L1) for L1/L2 = 2.5, Tp = 30 mm, and 25=θ  
 
 
 
 
 
 
 
 
 
     Figure 72. The Effect of Plate Angle on Temperature Profile at Leading Edge
   (x = 0.0) of Long Plate (L1) for L1/L2 = 2.5, Re = 300, and n = 0.5
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Figure 73. The Effect of Plate Angle on Temperature Profile at Middle (x = 18.75) of
  Long Plate (L1) for L1/L2 = 2.5, Re = 300, and n = 0.5
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Figure 74. The Effect of Plate Angle on Temperature Profile at Tailing Edge (x = 37.5) of
  Long Plate (L1) for L1/L2 = 2.5, Re = 300, and n = 0.5
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   Figure 75. The Effect of Plate Angle on Temperature Profile at Leading Edge (x = 0.0) of
        Long Plate (L1) for L1/L2 = 2.5, Re = 300, and n = 1.0
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 Figure 76. The Effect of Plate Angle on Temperature Profile at Middle (x = 18.75) of
   Long Plate (L1) for L1/L2 = 2.5, Re = 300, and n = 1.0
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   Figure 77. The Effect of Plate Angle on Temperature Profile at Tailing Edge (x = 37.5) of
     Long Plate (L1) for L1/L2 = 2.5, Re =300, and n = 1.0
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   Figure 78. The Effect of Plate Angle on Temperature Profile at Leading Edge (x = 0.0) of
        Long Plate (L1) for L1/L2 = 2.5, Re = 300, and n = 1.2
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 Figure 79. The Effect of Plate Angle on Temperature Profile at Middle (x = 18.75) of
        Long Plate (L1) for L1/L2 = 2.5, Re = 300, and n = 1.2
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   Figure 80. The Effect of Plate Angle on Temperature Profile at Tailing Edge (x = 37.5) of
     Long Plate (L1) for L1/L2 = 2.5, Re = 300, and n = 1.2
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6. Conclusion 
 
A parametric investigation on the fluid flow and heat transfer characteristics of 
the periodically fully developed flows in arrays with non-uniform plate length and 
oblique angle to the flow direction has been performed numerically by transforming the 
physical coordinate system to body-fitted coordinate system. 
The following conclusion can be obtained from this study: 
1. For Newtonian and non-Newtonian fluids that flow into this geometry, there is 
one circulating zone on the leeward side and windward side of long plate and 
there is another one circulating zone on the windward side of the short plate. 
2. With the increase of the Reynolds number, the friction factor decreases until a 
certain value, after that the friction factor remains a constant value with increasing 
Reynolds number. However, Nusselt number increases with increasing Reynolds 
number throughout the range studied. 
3. With the increase of flow index, the friction factor increases but the Nusselt 
numbers are no significant change at the same Reynolds number for each plate 
length ratio and transverse pitch ratio. 
4.  With the increase of plate length ratio ( 21 / LL ) that leads to the increase of long 
plate length ( 1L ), the friction factor, Nusselt number, and fluid temperature 
increase at the same Reynolds number for each flow index. 
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5. With the increase of transverse pitch ratio ( pp LT / ) that leads to the increase of 
transverse pitch spacing ( pT ), the friction factor, Nusselt number, and fluid 
temperature decrease at the same Reynolds number and plate length ratio 
( 21 / LL ) for each flow index. 
6. The increment of the plate angle (θ ) at a given Reynolds number leads to the 
increase of obstruction to flow, and hence the increases of friction factor, Nusselt 
number, and fluid temperature. 
7. The pseudoplastic fluids promoted better heat transfer than Newtonian and 
dilatant fluids respectively.  
From those results, heat exchanger may be re-designed by using oblique fin instead to 
improve thermal performance of heat exchanger. Auto radiator may use Pseudoplastic 
fluid instead of air or water to reduce the friction factor and improve thermal 
performance. 
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Table 1.  The Effect of Flow Index on Friction Factor 
25,571.0/,5.2/ 21 === θpp LTLL  
 
 
 
 
Re  Generalized Reynolds number 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Re  n = 1.2 n = 1 n = 0.5 
125 2.81 2.2 1.84 
150 2.71 2.1 1.74 
200 2.57 1.96 1.62 
300 2.38 1.77 1.43 
400 2.27 1.65 1.32 
500 2.3 1.68 1.35 
600 2.33 1.71 1.38 
700 2.36 1.74 1.41 
800 2.46 1.77 1.44 
900 2.49 1.79 1.46 
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Table 2. The Effect of Flow Index on Nu 
   25,571.0/,5.2/ 21 === θpp LTLL  
 
  Re  Generalized Reynolds number 
 
 
 
 
 
 
 
 
 
 
 
 
 
Re  n = 1.2 n = 1 n = 0.5 
125 4.34 4.48 4.6 
150 4.91 5.05 5.17 
200 5.96 6.12 6.25 
300 7.88 8.01 8.13 
400 9.54 9.69 9.8 
500 14.53 14.72 14.85 
600 16.6 16.76 16.92 
700 18.51 18.71 18.85 
800 20.5 20.57 20.64 
900 22.31 22.37 22.68 
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Table 3. The Effect of Flow Index on Friction Factor 
25,667.0/,0.2/ 21 === θpp LTLL  
 
Re  n=1.2 n=1 n=0.5 
125 1.74 1.36 0.93 
150 1.67 1.29 0.86 
200 1.63 1.25 0.82 
300 1.46 1.08 0.65 
400 1.38 1 0.57 
500 1.34 0.96 0.57 
600 1.34 0.98 0.57 
700 1.37 1 0.6 
800 1.38 1.01 0.62 
900 1.39 1.02 0.63 
 
 Re  Generalized Reynolds number 
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Table 4. The Effect of Flow Index on Nu 
    25,667.0/,0.2/ 21 === θpp LTLL  
 
Re  n=1.2 n= 1 n=0.5 
125 3.94 3.97 4.04 
150 4.44 4.48 4.55 
200 5.19 5.23 5.3 
300 6.95 7.04 7.24 
400 8.49 8.58 9.19 
500 13.42 13.5 13.58 
600 15.11 15.43 15.55 
700 16.76 17.22 17.35 
800 18.87 18.93 19.37 
900 20.53 20.6 21.34 
 
 Re  Generalized Reynolds number 
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Table 5. The Effect of Flow Index on Friction Factor 
        25,800.0/,5.1/ 21 === θpp LTLL  
 
Re  n = 1.2 n = 1 n = 0.5 
125 1.34 0.77 0.4 
150 1.29 0.73 0.36 
200 1.24 0.68 0.31 
300 1.17 0.61 0.24 
400 1.13 0.57 0.2 
500 1.06 0.5 0.15 
600 1.07 0.51 0.14 
700 1.08 0.52 0.15 
800 1.08 0.52 0.15 
900 1.09 0.53 0.16 
 
Re  Generalized Reynolds number 
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Table 6. The Effect of Flow Index on Nu 
             25,800.0/,5.1/ 21 === θpp LTLL  
 
Re  n = 1.2 n = 1 n = 0.5 
125 3.3 3.46 3.62 
150 3.74 3.9 4.06 
200 4.56 4.72 4.88 
300 6.02 6.18 6.33 
400 7.32 7.48 7.63 
500 12.17 12.35 12.5 
600 13.88 14.06 14.21 
700 15.51 15.69 15.85 
800 17.07 17.25 17.41 
900 18.56 18.77 18.97 
 
 Re  Generalized Reynolds number 
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Table 7. The Effect of Plate Length Ratio on Friction Factor for n = 0.5 
 
Re  case 1 *  case 2 *  case 3 *  
125 1.84 0.93 0.4 
150 1.74 0.86 0.36 
200 1.62 0.82 0.31 
300 1.43 0.65 0.24 
400 1.32 0.57 0.2 
500 1.35 0.57 0.15 
600 1.38 0.57 0.14 
700 1.41 0.6 0.15 
800 1.44 0.62 0.15 
900 1.46 0.63 0.16 
 
*  case 1 25,30,5.2/ 21 === θmmTLL p  
    case 2 25,30,0.2/ 21 === θmmTLL p  
    case 3 25,30,5.1/ 21 === θmmTLL p  
    Re  Generalized Reynolds number 
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Table 8. The Effect of Plate Length Ratio on Nu for n = 0.5 
 
Re  case 1 *  case 2 *  case 3 *  
125 4.6 4.04 3.62 
150 5.17 4.55 4.06 
200 6.25 5.3 4.88 
300 8.13 7.24 6.33 
400 9.8 9.19 7.63 
500 14.85 13.58 12.5 
600 16.92 15.55 14.21 
700 18.85 17.35 15.85 
800 20.64 19.37 17.41 
900 22.68 21.34 18.97 
 
*  case 1 25,30,5.2/ 21 === θmmTLL p  
    case 2 25,30,0.2/ 21 === θmmTLL p  
    case 3 25,30,5.1/ 21 === θmmTLL p  
    Re  Generalized Reynolds number 
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Table 9. The Effect of Plate Length Ratio on Friction Factor for n = 1.0 
 
Re  case 1 *  case 2 *  case 3 *  
125 2.2 1.36 0.77 
150 2.1 1.29 0.73 
200 1.96 1.25 0.68 
300 1.77 1.08 0.61 
400 1.65 1 0.57 
500 1.68 0.96 0.5 
600 1.71 0.98 0.51 
700 1.74 1 0.52 
800 1.77 1.01 0.52 
900 1.79 1.02 0.53 
 
*  case 1 25,30,5.2/ 21 === θmmTLL p  
    case 2 25,30,0.2/ 21 === θmmTLL p  
    case 3 25,30,5.1/ 21 === θmmTLL p  
    Re  Generalized Reynolds number 
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Table 10. The Effect of Plate Length Ratio on Nu for n = 1.0 
 
Re  case 1 *  case 2 *  case 3 *  
125 4.48 3.97 3.46 
150 5.05 4.48 3.9 
200 6.12 5.23 4.72 
300 8.01 7.04 6.18 
400 9.69 8.58 7.48 
500 14.72 13.5 12.35 
600 16.76 15.43 14.06 
700 18.71 17.22 15.69 
800 20.57 18.93 17.25 
900 22.37 20.6 18.77 
 
*  case 1 25,30,5.2/ 21 === θmmTLL p  
    case 2 25,30,0.2/ 21 === θmmTLL p  
    case 3 25,30,5.1/ 21 === θmmTLL p  
    Re  Generalized Reynolds number 
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Table 11. The Effect of Plate Length Ratio on Friction Factor for n = 1.2 
 
Re  case 1 *  case 2 *  case 3 *  
125 2.81 1.74 1.34 
150 2.71 1.67 1.29 
200 2.57 1.63 1.24 
300 2.38 1.46 1.17 
400 2.27 1.38 1.13 
500 2.3 1.34 1.06 
600 2.33 1.34 1.07 
700 2.36 1.37 1.08 
800 2.46 1.38 1.08 
900 2.49 1.39 1.09 
 
*  case 1 25,30,5.2/ 21 === θmmTLL p  
    case 2 25,30,0.2/ 21 === θmmTLL p  
    case 3 25,30,5.1/ 21 === θmmTLL p  
    Re  Generalized Reynolds number 
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Table 12. The Effect Plate Length Ratio on Nu for n = 1.2 
 
Re case 1 *  case 2 *  case 3 *  
125 4.34 3.94 3.3 
150 4.91 4.44 3.74 
200 5.96 5.19 4.56 
300 7.88 6.95 6.02 
400 9.54 8.49 7.32 
500 14.53 13.42 12.17 
600 16.6 15.11 13.88 
700 18.51 16.76 15.51 
800 20.5 18.87 17.07 
900 22.31 20.53 18.56 
 
*  case 1 25,30,5.2/ 21 === θmmTLL p  
    case 2 25,30,0.2/ 21 === θmmTLL p  
    case 3 25,30,5.1/ 21 === θmmTLL p  
    Re  Generalized Reynolds number 
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Table 13. The Effect of Transverse Pitch Ratio on Friction Factor for n = 0.5 
 
Re  case 1 *  case 2 *  case 3 *  
125 0.93 1.85 3.61 
150 0.86 1.75 3.43 
200 0.82 1.59 3.16 
300 0.65 1.41 2.81 
400 0.57 1.28 2.59 
500 0.57 1.38 3.2 
600 0.57 1.42 3.27 
700 0.6 1.44 3.33 
800 0.62 1.47 3.38 
900 0.63 1.49 3.43 
 
*  case 1 25,667.0/,0.2/ 21 === θpp LTLL  
    case 2 25,556.0/,0.2/ 21 === θpp LTLL  
    case 3 25,444.0/,0.2/ 21 === θpp LTLL  
    Re  Generalized Reynolds number 
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Table 14. The Effect of Transverse Pitch Ratio on Nu for n = 0.5 
 
Re case 1 *  case 2 *  case 3 *  
125 4.04 5 6.26 
150 4.55 5.61 7.03 
200 5.3 6.75 8.46 
300 7.24 8.76 11 
400 9.19 10.56 13.33 
500 13.58 15.81 18.64 
600 15.55 17.97 21.19 
700 17.35 20.03 23.32 
800 19.37 21.99 25.95 
900 21.34 23.88 28.19 
 
*  case 1 25,667.0/,0.2/ 21 === θpp LTLL  
    case 2 25,556.0/,0.2/ 21 === θpp LTLL  
    case 3 25,444.0/,0.2/ 21 === θpp LTLL  
    Re  Generalized Reynolds number 
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Table 15. The Effect of Transverse Pitch Ratio on Friction Factor for n = 1.0 
 
Re case 1 *  case 2 *  case 3 *  
125 1.36 2.21 4.05 
150 1.29 2.11 3.87 
200 1.25 1.96 3.6 
300 1.08 1.78 3.25 
400 1 1.65 3.03 
500 0.96 1.75 3.67 
600 0.98 1.79 3.74 
700 1 1.81 3.8 
800 1.01 1.84 3.85 
900 1.02 1.86 3.9 
 
*  case 1 25,667.0/,0.2/ 21 === θpp LTLL  
    case 2 25,556.0/,0.2/ 21 === θpp LTLL  
    case 3 25,444.0/,0.2/ 21 === θpp LTLL  
    Re  Generalized Reynolds number 
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Table 16. The Effect of Transverse Pitch Ratio on Nu for n = 1.0 
 
Re case 1 *  case 2 *  case 3 *  
125 3.97 4.79 6.04 
150 4.48 5.4 6.81 
200 5.23 6.54 8.24 
300 7.04 8.55 10.78 
400 8.58 10.35 13.05 
500 13.5 15.52 18.36 
600 15.43 17.68 20.91 
700 17.22 19.73 23.34 
800 18.93 21.7 25.67 
900 20.6 23.59 27.91 
 
*  case 1 25,667.0/,0.2/ 21 === θpp LTLL  
    case 2 25,556.0/,0.2/ 21 === θpp LTLL  
    case 3 25,444.0/,0.2/ 21 === θpp LTLL  
    Re  Generalized Reynolds number 
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Table 17. The Effect of Transverse Pitch Ratio on Friction Factor for n = 1.2 
 
Re case 1 *  case 2 *  case 3 *  
125 1.74 2.78 4.66 
150 1.67 2.68 4.48 
200 1.63 2.53 4.21 
300 1.46 2.35 3.86 
400 1.38 2.22 3.64 
500 1.34 2.32 4.28 
600 1.34 2.36 4.35 
700 1.37 2.37 4.41 
800 1.38 2.4 4.46 
900 1.39 2.42 4.51 
 
*  case 1 25,667.0/,0.2/ 21 === θpp LTLL  
    case 2 25,556.0/,0.2/ 21 === θpp LTLL  
    case 3 25,444.0/,0.2/ 21 === θpp LTLL  
    Re  Generalized Reynolds number 
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Table 18. The Effect of Transverse Pitch Ratio on Nu for n = 1.2 
 
Re case 1 *  case 2 *  case 3 *  
125 3.94 4.63 5.89 
150 4.44 5.24 6.66 
200 5.19 6.38 8.09 
300 6.95 8.39 10.63 
400 8.49 10.2 12.8 
500 13.42 15.36 18.11 
600 15.11 17.5 20.66 
700 16.76 19.6 23.09 
800 18.87 21.54 25.42 
900 20.53 23.43 27.66 
 
*  case 1 25,667.0/,0.2/ 21 === θpp LTLL  
    case 2 25,556.0/,0.2/ 21 === θpp LTLL  
    case 3 25,444.0/,0.2/ 21 === θpp LTLL  
    Re  Generalized Reynolds number 
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Table 19. The Effect of Plate Angle on Friction Factor at Re = 300 
571.0/,5.2/ 21 == pp LTLL  
 
θ  n = 1.2 n = 1 n = 0.5 
5 1.68 1.07 0.73 
10 1.83 1.22 0.88 
15 2.03 1.42 1.08 
20 2.28 1.67 1.33 
25 2.38 1.77 1.43 
30 2.46 1.85 1.51 
 
θ  Plate angle 
 
 
 
 
 
 
 
 
 124
 
 
 
 
 
 
Table 20. The Effect of Plate Angle on Nu at Re = 300 
571.0/,5.2/ 21 == pp LTLL  
 
θ  n = 1.2 n = 1 n = 0.5 
5 7 7.48 7.62 
10 7.15 7.55 7.71 
15 7.43 7.78 7.91 
20 7.65 7.86 7.96 
25 7.88 8.01 8.13 
30 8.03 8.2 8.58 
 
θ  Plate angle 
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Table 21. The Effect of Plate Angle on Friction Factor at Re = 300 
667.0/,0.2/ 21 == pp LTLL  
 
θ  n = 1.2 n = 1 n = 0.5 
5 0.71 0.33 0.13 
10 0.91 0.53 0.22 
15 1.11 0.73 0.35 
20 1.36 0.98 0.58 
25 1.46 1.08 0.65 
30 1.54 1.16 0.73 
 
θ  Plate angle 
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Table 22. The Effect of Plate Angle on Nu at Re = 300 
667.0/,0.2/ 21 == pp LTLL  
 
θ  n = 1.2 n = 1 n = 0.5 
5 6.06 6.53 6.75 
10 6.19 6.6 6.84 
15 6.5 6.82 7.04 
20 6.72 6.89 7.08 
25 6.95 7.04 7.24 
30 7.1 7.23 7.45 
 
θ  Plate angle 
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Table 23. The Effect of Plate Angle on Friction Factor at Re = 300 
800.0/,5.1/ 21 == pp LTLL  
 
θ  n = 1.2 n = 1 n = 0.5 
5 0.52 0.14 0.02 
10 0.70 0.20 0.08 
15 0.90 0.35 0.13 
20 1.15 0.51 0.20 
25 1.17 0.61 0.24 
30 1.25 0.71 0.32 
 
θ  Plate angle 
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Table 24. The Effect of Plate Angle on Nu at Re = 300 
800.0/,5.1/ 21 == pp LTLL  
 
θ  n = 1.2 n = 1 n = 0.5 
5 5.49 5.67 5.81 
10 5.56 5.72 5.87 
15 5.79 5.94 6.1 
20 5.87 6.03 6.18 
25 6.02 6.18 6.33 
30 6.21 6.37 6.52 
 
θ  Plate angle 
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Table 25. The Effect of Plate Length Ratio on Temperature Profile at Leading Edge 
    of Long Plate (L1) for n = 0.5 at Re = 300 and θ  = 25 
 
Tp (mm) L1/L2 = 2.5, x = 0.0 mm L1/L2 = 2.0, x = 0.0 mm L1/L2 = 1.5, x = 0.0 mm 
0 373 373 373 
5 364.7 361.2 353.6 
10 360.8 357.6 348.9 
15 357.1 354.2 345.8 
20 355.3 351.7 342.1 
25 359.9 355.5 346.7 
30 373 373 373 
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Table 26. The Effect of Plate Length Ratio on Temperature Profile at Middle  
    of Long Plate (L1) for n = 0.5 at Re = 300 and θ  = 25 
 
Tp (mm) 
L1/L2 = 2.5, x = 18.75 
mm 
L1/L2 = 2.0, x = 15.00 
mm 
L1/L2 = 1.5, x = 11.25 
mm 
0 373 373 373 
5 353.8 350.7 344.3 
10 339.6 333.5 330.6 
15 327.2 323.7 319.4 
20 346.4 342.3 337.8 
25 355.7 353.4 346.5 
30 373 373 373 
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Table 27. The Effect of Plate Length Ratio on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for n = 0.5 at Re = 300 and θ  = 25  
 
Tp (mm) 
L1/L2 = 2.5, x = 37.5 
mm 
L1/L2 = 2.0, x = 30.0 
mm 
L1/L2 = 1.5, x = 22.5 
mm 
0 373 373 373 
5 358.5 354.4 348.8 
10 354.2 350.8 344.5 
15 358.4 354.2 348.1 
20 361.1 357.5 350.9 
25 365.7 361.9 355.3 
30 373 373 373 
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Table 28. The Effect of Plate Length Ratio on Temperature Profile at Leading Edge  
    of Long Plate (L1) for n = 1.0 at Re = 300 and θ  = 25 
 
Tp (mm) L1/L2 = 2.5, x = 0.0 mm L1/L2 = 2.0, x = 0.0 mm L1/L2 = 1.5, x = 0.0 mm
0 373 373 373 
5 363.1 359.7 352.5 
10 358.5 355.3 348.1 
15 355.2 352.5 344.7 
20 353.4 350.1 340.8 
25 357.6 353.6 344.6 
30 373 373 373 
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Table 29. The Effect of Plate Length Ratio on Temperature Profile at Middle  
    of Long Plate (L1) for n = 1.0 at Re = 300 and θ  = 25 
 
Tp (mm) 
L1/L2 = 2.5, x = 18.75 
mm 
L1/L2 = 2.0, x = 15.00 
mm 
L1/L2 = 1.5, x = 11.25 
mm 
0 373 373 373 
5 352.8 349.6 343.2 
10 337.1 331.1 328.8 
15 325.5 321.5 317.9 
20 344.9 340.8 335.6 
25 353.2 351.2 344.1 
30 373 373 373 
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Table 30. The Effect of Plate Length Ratio on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for n = 1.0 at Re = 300 and θ  = 25 
 
Tp (mm) 
L1/L2 = 2.5, x = 37.5 
mm 
L1/L2 = 2.0, x = 30.0 
mm 
L1/L2 = 1.5, x = 22.5 
mm 
0 373 373 373 
5 357.4 353.3 347.4 
10 352.3 348.2 341.9 
15 356.1 352.4 346.1 
20 359.8 355.7 349.3 
25 363.9 359.1 354 
30 373 373 373 
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Table 31. The Effect of Plate Length Ratio on Temperature Profile at Leading Edge  
    of Long Plate (L1) for n = 1.2 at Re = 300 and θ  = 25 
 
Tp (mm) L1/L2 = 2.5, x = 0.0 mm L1/L2 = 2.0, x = 0.0 mm L1/L2 = 1.5, x = 0.0 mm
0 373 373 373 
5 360.3 356.4 349.2 
10 355.8 351.6 345.6 
15 352.9 348.2 342.5 
20 351.2 347.2 339.4 
25 355.1 350.8 343.9 
30 373 373 373 
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Table 32. The Effect of Plate Length Ratio on Temperature Profile at Middle  
    of Long Plate (L1) for n = 1.2 at Re = 300 and θ  = 25 
 
Tp (mm) 
L1/L2 = 2.5, x = 18.75 
mm 
L1/L2 = 2.0, x = 15.00 
mm 
L1/L2 = 1.5, x = 11.25 
mm 
0 373 373 373 
5 349.5 346.3 340.4 
10 334.1 328.6 325.2 
15 322.7 318.6 315.4 
20 342.3 338.7 333 
25 351.4 349.4 342.1 
30 373 373 373 
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Table 33. The Effect of Plate Length Ratio on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for n = 1.2 at Re = 300 and θ  = 25 
 
Tp (mm) 
L1/L2 = 2.5, x = 37.5 
mm 
L1/L2 = 2.0, x = 30.0 
mm 
L1/L2 = 1.5, x = 22.5 
mm 
0 373 373 373 
5 354.7 349.9 343.6 
10 349.7 344.5 338.3 
15 353.3 348.2 342.5 
20 357.8 349.7 346.1 
25 361.4 354.8 350.4 
30 373 373 373 
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Table 34. The Effect of Flow Index on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.5, Re = 300, Tp = 30 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 364.7 363.1 360.3 
10 360.8 358.5 355.8 
15 357.1 355.2 352.9 
20 355.3 353.4 351.2 
25 359.9 357.6 355.1 
30 373 373 373 
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Table 35. The Effect of Flow Index on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 2.5, Re = 300, Tp = 30 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 353.8 352.8 349.5 
10 339.6 337.1 334.1 
15 327.2 325.5 322.7 
20 346.4 344.9 342.3 
25 355.7 353.2 351.4 
30 373 373 373 
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Table 36. The Effect of Flow Index on Temperature Profile at Tailing Edge   
     of Long Plate (L1) for L1/L2 = 2.5, Re = 300, Tp = 30 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 358.5 357.4 354.7 
10 354.2 352.3 349.7 
15 358.4 356.1 353.3 
20 361.1 359.8 357.8 
25 365.7 363.9 361.4 
30 373 373 373 
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Table 37. The Effect of Flow Index on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.0, Re = 300, Tp = 30 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 361.2 359.7 356.4 
10 357.6 355.3 351.6 
15 354.2 352.5 348.2 
20 351.7 350.1 347.2 
25 355.5 353.6 350.8 
30 373 373 373 
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Table 38. The Effect of Flow Index on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 2.0, Re = 300, Tp = 30 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 350.7 349.6 346.3 
10 333.5 331.1 328.6 
15 323.7 321.5 318.6 
20 342.3 340.8 338.7 
25 353.4 351.2 349.4 
30 373 373 373 
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Table 39. The Effect of Flow Index on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for L1/L2 = 2.0, Re = 300, Tp = 30 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 354.4 353.3 349.9 
10 350.8 348.2 344.5 
15 354.2 352.4 348.2 
20 357.5 355.7 349.7 
25 361.9 359.1 354.8 
30 373 373 373 
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Table 40. The Effect of Flow Index on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 =  1.5, Re = 300, Tp = 30 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 353.6 352.5 349.2 
10 348.9 348.1 345.6 
15 345.8 344.7 342.5 
20 342.1 340.8 339.4 
25 346.7 344.6 343.9 
30 373 373 373 
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Table 41. The Effect of Flow Index on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 1.5, Re = 300, Tp = 300mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 344.3 343.2 340.4 
10 330.6 328.8 325.2 
15 319.4 317.9 315.4 
20 337.8 335.6 333 
25 346.5 344.1 342.1 
30 373 373 373 
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Table 42. The Effect of Flow Index on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for L1/L2 = 1.5, Re = 300, Tp = 30 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 348.8 347.4 343.6 
10 344.5 341.9 338.3 
15 348.1 346.1 342.5 
20 350.9 349.3 346.1 
25 355.3 354 350.4 
30 373 373 373 
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Table 43. The Effect of Flow Index on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.5, Re = 300, Tp = 60 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 361.1 360.4 357.3 
10 357.5 355.1 352.4 
15 353.8 351.7 348.1 
20 350.1 348.8 345.2 
25 348.7 346.6 343.2 
30 346.5 344.6 341.5 
35 343.4 341.2 338.1 
40 341.5 339.4 337.3 
45 345.3 343.2 341.6 
50 351.6 349.9 347.8 
55 356.8 354.3 352.7 
60 373 373 373 
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Table 44. The Effect of Flow Index on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 2.5, Re = 300, Tp = 60 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 350.8 349.1 347.5 
10 336.7 334.6 330.4 
15 325.4 322.9 319.5 
20 320.6 319.1 317 
25 315.4 313.3 310.8 
30 312.4 311.5 309.4 
35 326.3 324.5 322.3 
40 333.5 331.8 329.3 
45 339.1 337.1 335.2 
50 344.8 342.3 340.1 
55 353.3 351.5 349.6 
60 373 373 373 
 
 
 
 
 
 
 
 
 
 149
 
 
 
 
Table 45. The Effect of Flow Index on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for L1/L2 = 2.5, Re = 300, Tp = 60 mm, and θ  = 25 
 
Tp (mm) n=0.5 n=1.0 n=1.2 
0 373 373 373 
5 356.4 355.5 352.1 
10 352.2 350.6 347.8 
15 349.5 347.1 345.5 
20 347.9 345.6 343.5 
25 349.7 347.3 344.8 
30 351.8 349.7 347.3 
35 353.3 351.1 349.5 
40 355.4 352.9 350.8 
45 357.1 355.4 353.1 
50 360.3 357.8 355.6 
55 364.5 363.3 359.8 
60 373 373 373 
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Table 46. The Effect of Flow Index on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.5, Re = 300, Tp = 100 mm, and θ  = 25 
 
Tp (mm) n = 0.5 n = 1.0 n = 1.2 
0 373 373 373 
10 353.2 352.4 350.1 
20 346.5 344.6 341.2 
30 342.6 340.8 337.6 
40 339.3 337.8 334.7 
50 337.4 333.8 330.3 
60 335.7 332.4 329.8 
70 341.6 339.6 337.9 
80 345.7 343.1 341.5 
90 349.1 347.2 345.3 
100 373 373 373 
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Table 47. The Effect of Flow Index on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 2.5, Re = 300, Tp = 100 mm, and θ  = 25 
 
Tp (mm) n = 0.5 n = 1.0 n = 1.2 
0 373 373 373 
10 332.6 331.3 329.8 
20 316.5 315.1 313.4 
30 310.8 308.5 306.2 
40 308.5 307.1 305.3 
50 305 304.9 302.1 
60 315.9 314.3 312.4 
70 320.2 318.6 315.8 
80 326.4 324.7 322.7 
90 336.8 334.3 331.6 
100 373 373 373 
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Table 48. The Effect of Flow Index on Temperature Profile at Tailing Edge 
    of Long Plate (L1) for L1/L2 = 2.5, Re = 300, Tp = 100 mm, and θ  = 25 
 
Tp (mm) n = 0.5 n = 1.0 n = 1.2 
0 373 373 373 
10 348.1 347.2 343.5 
20 342.8 340.5 338.1 
30 340.1 338.7 335.7 
40 337.4 335.3 331.6 
50 340.9 338.1 335.9 
60 345.6 343.4 341.5 
70 350.2 347.9 345.5 
80 353.3 350.7 348.2 
90 357.1 355.2 352.8 
100 373 373 373 
 
 
 
 
 
 
 
 
 
 
 153
 
 
 
 
Table 49. The Effect Reynolds Number on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 0.5, and θ  = 25 
 
Tp Re = 100 Re = 300 Re = 900 
0 373 373 373 
5 359.6 364.7 371.6 
10 355.4 360.8 369.2 
15 352.8 357.1 367.7 
20 350.7 355.3 364.1 
25 353.9 359.9 367.8 
30 373 373 373 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 154
 
 
 
 
Table 50. The Effect Reynolds Number on Temperature Profile at Middle 
    of Long Plate (L1) for L1/L2 = 2.5, n = 0.5, and θ  = 25 
 
Tp Re = 100 Re = 300 Re = 900 
0 373 373 373 
5 348.5 353.8 365.3 
10 334.4 339.6 362.5 
15 322.8 327.2 360.3 
20 341.3 346.4 363.1 
25 350.8 355.7 364.7 
30 373 373 373 
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Table 51. The Effect Reynolds Number on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 0.5, and θ  = 25 
 
Tp Re = 100 Re = 300 Re = 900 
0 373 373 373 
5 352.8 358.5 369.7 
10 348.7 354.2 367.2 
15 352.4 358.4 369.1 
20 355.6 361.1 370.9 
25 359.5 365.7 371.8 
30 373 373 373 
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Table 52. The Effect Reynolds Number on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.0, and θ  = 25 
 
Tp Re = 100 Re = 300 Re = 900 
0 373 373 373 
5 358.3 363.1 370.5 
10 353.2 358.5 367.6 
15 350.8 355.2 365.8 
20 348.5 353.4 362.2 
25 351.7 357.6 365.9 
30 373 373 373 
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Table 53. The Effect Reynolds Number on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.0, and θ  = 25 
 
Tp Re = 100 Re = 300 Re = 900 
0 373 373 373 
5 347.7 352.8 364.5 
10 332.6 337.1 360.6 
15 320.1 325.5 358.1 
20 339.4 344.9 360.8 
25 347.9 353.2 362.5 
30 373 373 373 
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Table 54. The Effect Reynolds Number on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.0, and θ  = 25 
 
Tp Re = 100 Re = 300 Re = 900 
0 373 373 373 
5 351.3 357.4 368.2 
10 346.2 352.3 365.4 
15 350.8 356.1 366.8 
20 353.4 359.8 368.3 
25 357.3 363.9 370.1 
30 373 373 373 
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Table 55. The Effect Reynolds Number on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.2, and θ  = 25 
 
Tp Re = 100 Re = 300 Re = 900 
0 373 373 373 
5 355.7 360.3 367.6 
10 350.1 355.8 365.1 
15 348.1 352.9 362.7 
20 346.5 351.2 359.8 
25 349.8 355.1 363.2 
30 373 373 373 
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Table 56. The Effect Reynolds Number on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.2, and θ  = 25 
 
Tp Re = 100 Re = 300 Re = 900 
0 373 373 373
5 344.2 349.5 362.2
10 329.7 334.1 357.7
15 318.1 322.7 355.4
20 337.5 342.3 357.7
25 345.6 351.4 359.3
30 373 373 373
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Table 57. The Effect Reynolds Number on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.2, and θ  = 25 
 
Tp Re = 100 Re = 300 Re = 900 
0 373 373 373 
5 348.6 354.7 366.3 
10 343.7 349.7 362.7 
15 348.2 353.3 363.5 
20 351.4 357.8 366.1 
25 355.1 361.4 367.4 
30 373 373 373 
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Table 58. The Effect Plate Angle on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 0.5, and Re = 300 
 
Tp (mm) θ  = 5 θ  = 25 θ  = 30 
0 373 373 373 
5 353.2 364.7 367.8 
10 349.5 360.8 363.5 
15 344.8 357.1 360.4 
20 346.1 355.3 358.7 
25 348.9 359.9 362.6 
30 373 373 373 
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Table 59. The Effect Plate Angle on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 2.5, n = 0.5, and Re = 300 
 
Tp (mm) θ  = 5 θ  = 25 θ  = 30 
0 373 373 373 
5 342.7 353.8 357.3 
10 328.4 339.6 343.6 
15 316.6 327.2 331.8 
20 335.1 346.4 350.4 
25 344.5 355.7 359.1 
30 373 373 373 
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Table 60. The Effect Plate Angle on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 0.5, and Re = 300 
 
Tp (mm) θ  = 5 θ  = 25 θ  = 30 
0 373 373 373 
5 349.1 358.5 361.9 
10 345.6 354.2 357.7 
15 343.6 358.4 361.5 
20 353.7 361.1 364.4 
25 357.4 365.7 367.6 
30 373 373 373 
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Table 61. The Effect Plate Angle on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.0, and Re = 300 
 
Tp (mm) θ  = 5 θ  = 25 θ  = 30 
0 373 373 373 
5 351.8 363.1 366.5 
10 347.6 358.5 361.4 
15 342.9 355.2 358.1 
20 343.1 353.4 355.6 
25 346.4 357.6 360.7 
30 373 373 373 
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Table 62. The Effect Plate Angle on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.0, and Re = 300 
 
Tp (mm) θ  = 5 θ  = 25 θ  = 30 
0 373 373 373 
5 341.5 352.8 356.6 
10 326.3 337.1 341.2 
15 314.8 325.5 329.3 
20 333.2 344.9 347.8 
25 342.9 353.2 357.5 
30 373 373 373 
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Table 63. The Effect Plate Angle on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.0, and Re = 300 
 
Tp (mm) θ  = 5 θ  = 25 θ  = 30 
0 373 373 373 
5 348.3 357.4 360.7 
10 343.4 352.3 355.4 
15 341.5 356.1 359.2 
20 351.2 359.8 362.3 
25 355.6 363.9 365.1 
30 373 373 373 
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Table 64. The Effect Plate Angle on Temperature Profile at Leading Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.2, and Re = 300 
 
Tp (mm) θ  = 5 θ  = 25 θ  = 30 
0 373 373 373 
5 348.7 360.3 363.7 
10 344.5 355.8 358.6 
15 339.7 352.9 355.4 
20 340.6 351.2 353.8 
25 344.2 355.1 358.3 
30 373 373 373 
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Table 65. The Effect Plate Angle on Temperature Profile at Middle  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.2, and Re = 300 
 
Tp (mm) θ  = 5 θ  = 25 θ  = 30 
0 373 373 373 
5 338.3 349.5 353.5 
10 323.5 334.1 338.6 
15 311.7 322.7 326.6 
20 331.7 342.3 345.3 
25 340.8 351.4 355.4 
30 373 373 373 
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Table 66. The Effect Plate Angle on Temperature Profile at Tailing Edge  
    of Long Plate (L1) for L1/L2 = 2.5, n = 1.2, and Re = 300 
 
Tp (mm) θ  = 5 θ  = 25 θ  = 30 
0 373 373 373 
5 345.8 354.7 357.3 
10 340.7 349.7 352.6 
15 339.2 353.3 356.7 
20 349.7 357.8 360.5 
25 353.4 361.4 363.2 
30 373 373 373 
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B.1 Momentum Equation Manipulation 
 
This appendix presents a description of the numerical method developed to solve 
the governing equations (2) and (3) using power law scheme. The x-y momentum 
equations can be written as: 
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y-Momentum:                            
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To non-dimensionalized x-momentum and y-momentum, the short length 2L  and 
mean velocity mU  are selected, and dimensionless variables are introduced as follow: 
mu
uU =  
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vV =  
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xX=  
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yY=  
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The non-dimensionless form of x-momentum equation can be written by using 
those dimensionless variables. The first term, inertia forces, on the left hand side of x-
momentum becomes 
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The first term of viscous forces on the right hand side becomes: 
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The second term of viscous forces on the right hand side becomes: 
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 The last term, pressure forces, of x-momentum equation becomes: 
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To non-dimensionalized y-momentum equation, it can be written in similar to x-
momentum. The first term, inertia forces, on the left hand side of y-momentum becomes: 
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The first term of viscous forces on the right hand side becomes: 
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The second term of viscous forces on the right hand side becomes: 
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 The last term, pressure forces, of x-momentum equation becomes: 
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 To transform the dimensionless form of x and y momentum equations into the 
body-fitted coordinate system, the transformation parameters, equation (6), that described 
in chapter 3 are employed to above governing equations Thus the dimensionless form of 
governing equations are become: 
x-Momentum:          
)()]](
Re
[)](
Re
[[)()( ηξ ξηηγξβηηβξαξφηφξ Y
PYPUU
J
AUU
J
AUU VU ∂
∂−∂
∂+∂
∂+∂
∂−∂
∂+∂
∂−∂
∂
∂
∂=∂
∂+∂
∂              (B-11)                  
 
y-Momentum:      
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B.1.1 X-Momentum Equation Integration: 
The x-momentum equation (B-11) can be integrated term by term over staggered 
control volume of axial velocity (u) in Fig. 5. The first term on the left hand side in x-
momentum equation, inertia forces, becomes 
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E
P
ηξηηξ ddU
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Then, this integrated term can be solved by using numerical integration and linear 
interpolation 
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P
we
E
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The second term on the left hand side in x-momentum equation becomes  
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The first term of viscous forces on the right hand side in x-momentum equation becomes 
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Now, consider the first integral term so that numerical integration, linear 
interpolation, and element analysis (Fig. 8) is used. 
= ( ) ( )[ ]wePeeeE UUAUUA −−−∆ ∆ **cosRe θξ η         (B-17) 
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Now, consider term 
J
Aβ in the second integral term. From element analysis    
(Fig. 8), θβ sin=  and θcos=J . Thus, θβ tanA
J
A =  
The 
J
Aβ term gives a very small number [26] that is compared to 
J
Aα . Thus the 
β term doesn’t effect to velocity and pressure profiles and it is neglected in this thesis. 
Continuing the integration, the second term of viscous forces on the right hand 
side in x-momentum equation becomes 
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In similar manner, the first integral can be written 
= ( ) ( )[ ]eSesxeeNnx UUAUUA −−−∆ ∆ **cosRe θη ξ         (B-18) 
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 The β  term can be considered in similar manner to the previous β term in the 
first term of viscous forces. Thus the β term in second integral is also neglected in this 
thesis. 
 Now integrate the pressure forces, last term, in x-momentum equation. It is 
becomes 
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In similar manner, 
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Thus the convection-diffusion term are treated by power-law profile of Patanka 
[13, 24]. The discretization equation of x- momentum can be written as follows: 
The strength of convection: 
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( )θξθξ sincos ∆−∆= nxnxnx UVF  
( )θξθξ cossin ∆−∆= sxsxsx VUF  
The diffusion conductance: 




∆
∆= −
−
1
2
1*
cosRe n
n
mE
E L
uA
D θξ
η  




∆
∆= −
−
1
2
1*
cosRe n
n
mP
P L
uAD θξ
η  




∆
∆= −
−
1
2
1*
cosRe n
n
mnx
nx L
uAD θη
ξ  




∆
∆= −
−
1
2
1*
cosRe n
n
msx
sx L
uAD θη
ξ  
The peclet number:: 
E
E
E D
F
P =  
P
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P D
F
P =  
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nx D
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P =  
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sx
sx D
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P =  
The power-law scheme can be written as follow: 
( )51.01,0 PPA −=   
Then, apply this power-law scheme to staggered control volume of axial velocity (u). 
( )51.01,0 EE PPA −=  
( )51.01,0 PP PPA −=  
  
 
180
( )51.01,0 nxnx PPA −=  
( )51.01,0 sxsx PPA −=  
The discretization equation of x-momentum equation is 
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where coefficient is 
0,EEEE FPADa −+=  
0,PPPP FPADa +=  
0,nxnxnxnx FPADa −+=  
0,sxsxsxsx FPADa +=  
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B.1.2 Y-Momentum Equation Integration: 
The y-momentum equation (B-12) can be integrated term by term over staggered 
control volume of transverse velocity (v) in Fig. 6. The first term on the left hand side in 
y-momentum equation, inertia forces, becomes 
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Then this integrated term can be solved by using numerical integration and linear 
interpolation 
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The second term on the left hand side in y-momentum equation becomes  
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The first term of viscous forces on the right hand side in y-momentum equation becomes 
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Now, consider the first integral term so that numerical integration, linear 
interpolation, and element analysis (Fig. 8) is used. 
= ( ) ( )[ ]nWnwynnEey VVAVVA −−−∆ ∆ **cosRe θξ η         (B-23) 
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 Now, consider term 
J
Aβ in the second integral term. From element analysis    
(Fig. 8), θβ sin=  and θcos=J . Thus, θβ tanA
J
A =  
The 
J
Aβ term gives a very small number [26] that is compared to 
J
Aα . Thus the 
β term doesn’t effect to velocity and pressure profiles and it is neglected in this thesis. 
Continuing the integration, the second term of viscous forces on the right hand 
side in y-momentum equation becomes 
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In similar manner, the first integral can be written 
= ( ) ( )[ ]snPnnnN VVAVVA −−−∆ ∆ **cosRe θη ξ          (B-24) 
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 The β  term can be considered in similar manner to the previous β term in the 
first term of viscous forces. Thus the β term in second integral is also neglected in this 
thesis. 
 Now integrate the pressure forces, last term, in y-momentum equation. It is 
becomes 
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By using element analysis (Fig. 8), 
η∂
∂X = 0 so that the first term of pressure forces is equal 
to zero. The pressure forces can be written as follows: 
= 

 −∆− −− PN PPs θξ cos  = 

 −∆ −− NP PPs θξ cos       (B-25) 
Thus the convection-diffusion term are treated by power-law profile of Patanka 
[13, 24]. The discretization equation of y- momentum can be written as follows: 
The strength of convection: 


 +∆=
2
Nee
ey
UUF η  


 +∆=
2
Nww
wy
UUF η  
( )θξθξ sincos ∆−∆= NNN UVF  
( )θξθξ cossin ∆−∆= PPP VUF  
The diffusion conductance: 
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The peclet number 
ey
ey
ey D
F
P =  
wy
wy
wy D
F
P =  
N
N
N D
F
P =  
P
P
P D
F
P =  
The power-law scheme can be written as follow: 
( )51.01,0 PPA −=   
Then, apply this power-law scheme to staggered control volume of transverse velocity 
(v). 
( )51.01,0 eyey PPA −=  
( )51.01,0 wywy PPA −=  
( )51.01,0 NN PPA −=  
( )51.01,0 PP PPA −=  
The discretization equation of y-momentum equation is 


 −∆++++= −− PNWywyEyeysPnnNnn PPVaVaVaVaVa θξ cos      (B-26) 
where coefficient is 
0,eyeyeyey FPADa −+=  
0,wywywywy FPADa +=  
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0,NNNN FPADa −+=  
0,PPPP FPADa +=  
wyeyPNn aaaaa +++=  
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B.2 Energy Equation Manipulation 
This section presents a description of the numerical method developed to solve 
the energy equation with viscous energy dissipation (4) by using the upwind scheme. The 
energy equation (4) can be written as follows: 
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To transform the dimensionless form of energy equation into the body-fitted 
coordinate system, the transformation parameters, equation (6), that described in chapter 
3 are employed to energy equation. Thus the energy equation is become: 
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The energy equation can be integrated term by term. The first term on the left 
hand side in energy equation becomes 
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Then this integrated term can be solved by using numerical integration and linear 
interpolation. 
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Then the second term on the left hand side in energy equation becomes 
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The first term on the right-hand side in energy equation becomes 
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Now, consider the first integral term so that numerical integration, linear 
interpolation, and element analysis in Fig. 8 is used. 
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Now, consider term 
J
βΨ in the second integral term. From element analysis in Fig. 8, 
θβ sin=  and θcos=J . Thus, θβ tanA
J
=Ψ  
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The 
J
βΨ term gives a very small number [26] that is compared to 
J
αΨ . Thus the 
β term doesn’t effect to velocity and pressure profiles and it is neglected in this thesis. 
Continuing the integration, the second term on the right hand side in energy 
equation becomes 
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In similar manner, the first integral can be written 
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The β  term can be considered in similar manner to the previous β term in the 
first term of energy equation. Thus the β term in second integral is also neglected in this 
thesis. 
Now integrate the viscous energy dissipation, in the energy equation. It is become 
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By using element analysis in Fig. 8, ηx or η∂
∂x  = 0 then the integrated viscous 
energy dissipation term becomes 
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 Thus the discretization of energy equation by using upwind scheme is 
Φ++++=
p
SSNNWWEEPP c
mBTaTaTaTaTa ρ                   (B-33) 
where coefficient is 
0,eeE TDa −+=  
0,wwW TDa +=  
0,nnN TDa −+=  
0,ssS TDa +=  
ee uT η∆=  
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ww uT η∆=  
( )θξθξ sincos ∆−∆= nnn uvT  
( )θξθξ cossin ∆−∆= sss vuT  
θξ
η
cos∆
Ψ∆=eD  
θξ
η
cos∆
Ψ∆=wD  
θη
ξ
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Ψ∆=nD  
θη
ξ
cos∆
Ψ∆=sD  
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B.3 The Pressure Correction Equation  
From continuity equation (1), it is written in physical coordinated as follow 
0=∂
∂+∂
∂
y
v
x
u
          (B-34) 
 By using dimensionless variables and the transformation parameters, equation (6) 
that described in chapter 3, the continuity equation can be written in body-fitted 
coordinated as follows 
0)()( =∂
∂+∂
∂
VU φηφξ           (B-35) 
 By using definition of Uφ and Vφ that mention before, the continuity equation can 
be written in form of 
0=
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The continuity equation can be integrated term by term over staggered pressure 
control volume (P) in Fig. 7. Then the integral term of continuity equation can be written 
as follow 
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By using element analysis in Fig. 8, 0=∂
∂
η
X  then the integrated term of continuity 
equation can be written 
( ) ( ) ( ) 0sincos =−∆−−∆+−∆ snsnwe UUVVUU θξθξη       (B-36) 
 By substitution of velocity corrections (30) and (31), the discretization of pressure 
correction equation can be written as follow 
=−
/
PP Pa  
/−
EE Pa +
/−
WW Pa +
/−
NN Pa +
/−
SS Pa +
/−
NENE Pa +
/−
NWNW Pa +
/−
SESE Pa +
/−
SWSWPa +b (B-37) 
 According to above discretization of pressure correction equation, the equation 
presents nine-point formulation that is difficult to solve. To reduce nine-point formulation 
to five-point formulation that is basic formulation of numerical method, the rest of five 
terms on the right hand side of discretization pressure correction equation are included to 
the source term. Then the discretization of pressure correction can be written in form of 
  =−
/
PP Pa  
/−
EE Pa +
/−
WW Pa +
/−
NN Pa +
/−
SS Pa +source      (B-38) 
where 
source = 
/−
NENE Pa +
/−
NWNW Pa +
/−
SESE Pa +
/−
SWSW Pa +b 
eE da 2η∆=  
wW da 2η∆=  
( )

 −∆+∆= NNnN ddda 21223 4
sincos θξθξ  
( )

 −∆+∆= sssS ddda 22213 4
sincos θξθξ  


 ∆−= NNE da 224
sinθξ  
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B.4 Inlet Temperature and Outlet Temperature 
According to periodic boundary condition (BC, HI, DE, JK) in Fig. 2, they can be 
calculated by using linear interpolation. But inlet and outlet temperature can not be 
directly calculated by using linear interpolation because the rushing-in and rushing-out 
effect of the flow field. Then as far as the temperature is concerned, the periodic 
boundary condition at the cycle inlet and outlet is only valid for the dimensionless values. 
Thus the dimensionless temperature at the cycle inlet and outlet can be written as 
follows:   
( )
( )
( )
( ) 



−
−+−
−=Θ
−
−
−
−
wb
w
wb
w
TT
TT
TT
TT
22
22
11
11 ,,
2
1
ξ
ηξ
ξ
ηξ        (B-39) 
where 
2211 , −− ξξ  can be found in Fig. 4 
( )
( ) ( )
( ) ηαηξ
ηαηξηξ
ξ η
η
η
η
du
duT
T
M
M
b
∫
∫
=
1
1
1
1
,
,,
       (B-40) 
The local temperature at the cycle inlet and outlet are calculated by 
( ) ( )( )wAGbwAG TTTT −Θ+= ξηξ ,         (B-41) 
( ) ( )( )wFLbwFL TTTT −Θ+= ξηξ ,         (B-42) 
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By substitute ( )ξbT  into (B-41) and (B-42) and use composite trapezoid rule [29], 
then the local temperature at the cycle inlet and outlet can be written in form of set of 
linear equations as follow 
1414313212111 ..... bTaTaTaTa =++++  
2424323222121 ..... bTaTaTaTa =++++         (B-43) 
3434333232131 ..... bTaTaTaTa =++++  
M    
Where each set of above linear equations is separately solved for inlet and outlet 
temperature distribution. 
To solve the local temperature at the cycle inlet and outlet, the Jacobi iterative 
method [29] is adopted. 
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Define
Variables
B.C
u,v,p
x
Coefficient
START
Init
Temp.
Temp.
Coefficient
Temp.
Source
TDMA-4
Nu
Friction
Factor
STOP
Boundary
Condition
Temp.
Flow Chart of Non-Newtonian . C
Grid
Init
u,v,p*
Store
u,v,p
y
Coefficient
Correct Pressure
(P)
TDMA-1
(u*)
TDMA-2
(v*)
Relax
(u,v,p)
Conv.
                     NO    YES
Inlet,Outlet
Temp.
(JACOBI)
Temp.
Relax
Conv.
                 No         Yes
TDMA-3
(P')
Correct
(u)
Correct
(v)
Store
Temp.
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